Abstract. NiTi endodontic files allow for clinical enlargement of harshly curved root canals. However, files rotated under severe flexion might fracture unexpectedly, remain inside teeth and thus, hinder treatment outcome. ProFile .06(35) are among the most commonly used rotary files. In the present study, 10 of these brand new instruments were used to perform DSC on their cutting regions and determine the amount of R-phase present at 10, 20, 37, and 65ºC, both during cooling and heating programmed cycles. Another 48 new ProFile .06(35) instruments underwent rotation/flexion assays at 300 rpm and 10 mm radius of curvature. Files were divided into four groups of 12 instruments each. Each group was tested at 10, 20, 37, and 65ºC. The number of cycles to fracture (N f ) and the length of the broken segment (L f ) were determined for each tested file. Results show no statistically s as for L f in all groups. On the contrary, N f depends highly on testing temperature: as temperature increases from 10 to 37 ºC, N f strikingly decreases; from 37 and 65 ºC, no significant changes in N f occur. As for DSC results, it is clearly shown that R-phase is most abundant at 10 ºC and consistently decreases up to 37ºC, both during heating and cooling; from 37 to 65 ºC, the quantity of R-phase in the alloy is negligible. In conclusion, it is shown that fatigue resistance in ProFile .06(35) instruments is not only highly enhanced but also proportional to the amount of R-phase in the alloy.
Background
Root canal degree of curvature is highly dependent on tooth type [1] [2] [3] as canal shape roughly corresponds to its root shape [4] . Endodontic literature agrees on most root canals having some degree of curvature [5] . Stainless steel files produce more canal transportation in curved canals than their Ni-Ti rotary counterparts, both in acrylic simulated root canals [6, 7] , and in extracted teeth [8, 9] . Dalton et al. [10] showed, in vivo, that Ni-Ti files and stainless steel files are equally effective in reducing intracanalar bacteria when matched for size. However, if more tapered Ni-Ti files are used, then rotary files allow for better irrigation at working length [11, 12] and, hence, for a better apical cleaning. The faster results obtained with Ni-Ti rotary files [13, 14] have also made them increasingly popular among clinicians and their use is now even taught at undergraduate level [15] [16] [17] .
The major drawback of Ni-Ti instrumentation is file rupture. Iqbal et al. [18] report that the odds for rotary Ni-Ti file breaking were seven times more than for hand stainless steel file separation in graduate clinical setting. Spili et al. [19] report similar findings in a population of experienced endodontists, which accounts for the overall perception among general practitioners that Ni-Ti files break more often than hand stainless steel files [20] . Reliable data on Ni-Ti fragments that remain inside root canals is still scarce. Spili et al. [19] are, so far, the only authors who investigated the influence of retained Ni-Ti fragments on prognosis by means of a case-control study. Although not absolutely conclusive, their findings suggest prognosis might be hindered by clinical persistence of non retrievable Ni-Ti fragments whenever a periapical lesion is present.
The aforementioned possibility justifies the need for a better understanding of rotary Ni-Ti file rupture in order to devise possible methods to increase file fatigue life. Some bench studies [21] [22] [23] [24] have been carried out in order to characterize fatigue life of different brands of Ni-Ti endodontic instruments, using prototypes which impose specific radius and angles of curvature on Ni-Ti files [25] . However, all these studies were done at room temperature, whereas Ni-Ti instruments are called upon to work at body temperature (37 ºC). Some other publications [26] [27] [28] [29] [30] have investigated transformation temperatures of Ni-Ti alloy from rotary files, suggesting A f is close to 37 ºC and, therefore, these instruments are completely austenitic at body temperature.
The aim of this study is to test Ni-Ti files at different temperatures and compare the number of cycles to fracture to the amount of R-phase present at those temperatures, as determined by Differential Scanning Calorimetry (DSC) analysis.
Materials and Methods

D.S.C. assays
10 brand new 25 mm ProFile .06 (35) files (Maillefer-Dentsply, Switzerland) were used for D.S.C. assays. 10 samples were thus taken from these 10 , homogenized for mass and analyzed by means of a Setaram DSC92 calorimeter and two stainless steel crucibles: one baring the sample, the other kept empty. Programmed cycle included a cooling phase, from 100 ºC to -80 ºC at -7.5 ºC/min, and a heating phase, from -80 ºC to 100 ºC at 7.5 ºC/min. Room temperature was kept constant (20 ºC) during all assays. During each D.S.C. cycle, real sample temperature (T, ºC) and thermal flux per mass unit ( , mW/mg) were registered. Cooling and heating results were analyzed subsequently in similar way. First, base lines were subtracted from experimental curves using PeakFit utility for OriginPro7 software. Secondly, all values of flux per mass unit as a function of temperature were transferred to Excel. Graphically, total energy mobilized by phase transformation (E t ) is proportional to the area under the curve =f(T). For each instant value of temperature, Excel was used to calculate the amount of energy mobilized by phase transformation up to that temperature point, as a percentage of E t . Namely, percentage of total energy mobilized by phase transformation was determined for the following temperature points: 10 ºC, 20 ºC, 37 ºC, and 65 ºC.
Rotation/flexion assays
48 brand new 25 mm ProFile .06(35) (Maillefer-Dentsply, Switzerland) were used for rotation/flexion assays and divided in four groups of 12 files each. All files were tested in a prototype based on the one previously described by Gambarini [21] and by Haikel et al. [22] with a major improvement: test temperature could be controlled with 1 ºC precision by means of a forced water circulation circuit through the test platform ( fig. 1 ). All files were placed in the test platform so that all of them were subjected to 90º angle of curvature and 10 mm radius of curvature, as defined by Pruett et al. [25] . Bending was imposed at 1 mm from file tip in all cases and rotation was carried out at 300 r.p.m. using a 20:1 handpiece (W&H, Austria) and a TC-Motor 3000 in the presence of lubricant (vaseline). As mentioned, four groups were formed according to the temperature files were tested at: either 10 ºC, 20 ºC, 37 ºC, or 65 ºC. For each file, the full procedure from beginning of rotation to file fracture, was recorded with a digital camera (Panasonic NV-GS 400) set on macro mode and mounted on a tripod so that files could be observed at a straight angle from their flexion plane. Pinnacle Studio (v. 12.1) software was used to identify time points of rotation beginning and fracture and therefore determine time needed for fracture to happen with a 1/12 s precision. The number of cycles (N f ) to fracture was then calculated. The length (L f ) from tip to fracture site was measured with a caliper (precision 0,05 mm) for all 48 fragments obtained.
Statistical analysis to compare N f and L f among groups was performed using GraphPad Prism version 5.00 for Windows (GraphPad Software, USA). Distribution of the two variables was checked for normality by means of and Pearson Normality test. One-way ANOVA was used to identify significant differences among groups and, whenever a significant difference was detected, Tukey-Kramer post-hoc tests for multiple comparisons further detailed the results. In all cases, significance level was set at 5% ( = 0,05) and a minimum power of 80% [(1-) = 0,80] was accepted. Table 1 summarizes D.S.C. results. During cooling, R-phase is formed as temperature falls below 37 ºC from an average of 2.0% at 20 ºC to an average of 30.8% at 10 ºC. During heating, the opposite happens: on average, 58.2% of R-phase is still present at 10 ºC but only 0.7% at 37 ºC. Figure 2a shows linear regression of percentage of R-phase present in the alloy upon cooling, with R-phase clearly forming at a lower temperature than 37 ºC. As for Figure 2b , it shows linear regression of percentage of R-phase present in the alloy upon heating. R-phase progressively disappears and it is almost inexistent at 37 ºC. Table 3 summarizes results. One-way ANOVA (n=48, =0,05) shows no significant differences among groups (p=0,94) as for location of fracture, which happens on average at 12 mm from file tip.
Results
D.S.C. assays
Rotation/flexion assays
As for the average number of cycles to fracture, it varies in an extremely significant way with test temperature (one-way ANOVA, n=48, p<0.0001). Tukey-Kramer post-tests compared groups two by two. Extremely significant differences were found between N f at 10 ºC (2235 rotations) and N f determined for any of the other three test temperatures (Tukey-Kramer post hoc test, n=24, p<0.001). The number of rotations to fracture at 20 ºC (1498 cycles) differs very significantly from N f found at either 37 ºC or 65 ºC (Tukey-Kramer post hoc test, n=24, 0.001 p < 0.01). As for the averages of N f found at 37 ºC (960 cycles) and at 65 ºC (1021 cycles), they do not differ significantly (Tukey-Kramer post hoc test, n=24, p>0.05). Figure 4 compares the average amount of R-phase -Ti alloy as a function of temperature and the average number of cycles to fracture, as a function of temperature as well. The evolution of N f =f(T) curve is noticeably comparable to the one that shows decay of R-phase upon heating. 
Discussion
Clinical conditions are best modeled by using endodontic files in extracted teeth [31, 32] . However, natural teeth are highly variable as far as internal morphology [32, 33] and dentin microhardness [34] are concerned. It is, thus, impossible to obtain homogeneous samples for testing Ni-Ti files [35] . A non-dental model was chosen as it allows for standardization of assay conditions and minimizes other mechanisms of file fracture other than cyclic fatigue [31] . All non-dental models published that are based on insertion of files in hollow curved tubes [25, 31, 36] were excluded: if tubes are metallic, they do not allow for checking good adaptation of files to flexion arch; if they are made of glass, they do not allow for quick and reliable temperature control. The proposed prototype derived from one initially described by Gambarini [21] and by Haikel et al. [22] . It differs from theirs in the chosen radius of curvature (10 mm in the present study versus 5 mm). Other authors [23, 24, 33, 37] suggest 10 mm radius of curvature as a fairly good reproduction of the average endodontic canal found in everyday clinical setting. Another main difference in the present prototype is the cooling/heating system. Whereas all other authors [21-24, 33, 37] test files at room temperature and cool down any possible heat generated by friction by means of air spray, in this study the flexion is imposed on files by a testing platform of significant metal mass, cooled or heated by continuous water flow, which confers a highly thermal stability to the testing apparatus. Control of testing temperature is of paramount relevance since structural state of Ni-Ti alloy depends on temperature, as shown by D.S.C. assays. These assays showed that a significant amount of R-phase is present in the alloy at temperatures not far below body temperature. It so happens R-phase Young modulus is smaller than that of austenite this being the reason why Kuhn e Jordan [30] suggested Ni-Ti files that encompass B2 R transformation might be more flexible than others in which this transformation does not take place. Iijima et al. [30] used orthodontic wires with different A f temperatures to show that the more R-phase is present at a given temperature, the lower the superelastic plateau stress level in tensile tests.
R-phase raise was under investigation. It was clearly shown that the number of cycles to fracture doubles by lowering test temperature from 37 ºC to 10 ºC, all other conditions remaining the same. This strongly correlates to the structural state of the Ni-Ti alloy, as R-phase is strongly present at 10 ºC but insignificantly there at 37 ºC. Further studies should be carried in order to verify these clinically promising results in other file brands.
